The cytoskeletal protein, actin, has its structure and function regulated by cofilin. In the absence of an atomic resolution structure for the actin/cofilin complex, the mechanism of cofilin regulation is poorly understood. Theoretical studies based on the similarities of cofilin and gelsolin segment 1 proposed the cleft between subdomains 1 and 3 in actin as the cofilin binding site. We used radiolytic protein footprinting with mass spectrometry and molecular modeling to provide an atomic model of how cofilin binds to monomeric actin. Footprinting data suggest that cofilin binds to the cleft between subdomains 1 and 2 in actin and that cofilin induces further closure of the actin nucleotide cleft. Sitespecific fluorescence data confirm these results. The model identifies key ionic and hydrophobic interactions at the binding interface, including hydrogen-bonding between His-87 of actin to Ser-89 of cofilin that may control the charge dependence of cofilin binding. This model and its implications fill an especially important niche in the actin field, owing to the fact that ongoing crystallization efforts of the actin/cofilin complex have so far failed. This 3D binary complex structure is derived from a combination of solution footprinting data and computational approaches and outlines a general method for determining the structure of such complexes.
A
ctin is a globular protein (G-actin) that polymerizes to filaments (F-actin) to form the cytoskeleton, a 3D network inside a eukaryotic cell. It provides mechanical, morphological, and locomotive support to cells and mediates cell division, exocytosis, and endocystosis (1) (2) (3) . As a result, many normal and abnormal cellular processes depend on the rapid remodeling of the actin cytoskeleton and are regulated by many actin binding proteins (ABPs) through a series of polymerization and depolymerization reactions (2) . Cofilin is an important ABP (4) that severs the F-actin (5, 6) and inhibits nucleotide exchange in the G-actin (7) . Severing the filaments by cofilin near the slow-growing ''pointed end'' promotes dissociation of monomers accelerating actin deploymerization, whereas severing near the fast-growing ''barbed end'' induces filament extension (5, 6) . This multifunctional behavior of cofilin is crucial to the spatial and temporal regulation of the actin filament network within various biological contexts. The lack of atomic-resolution structural data on actin/cofilin complexes prevents a full understanding of the functional mechanisms of cofilin action. Although the cofilin side of the interface of G-actin/cofilin and F-actin/cofilin complexes have been defined by mutagenesis (8) , radiolytic footprinting (9) , and NMR (10) (Fig. 1A ), similar details with respect to the actin side of the interfacial residues are lacking. Based on the structural homology between cofilin and gelsolin segment 1 (GS1) (11) and the competitive binding of cofilin against profilin or GS1 (12, 13), cofilin was suggested to bind to G-actin at the cleft between subdomains 1 and 3, consistent with the crystal structures of G-actin/GS1 and G-actin/profilin complexes ( Fig. 1B) (14) (15) (16) . However, this proposed cofilin binding site lacks definitive experimental support, and a detailed model of the interface is lacking.
We used radiolytic oxidative protein footprinting and mass spectrometry to probe the conformation of G-actin in the G-actin/ cofilin binary complex in solution with resolution at the level of single side chains. The reactive residues buried at the interface of protein complexes or involved in the allosteric changes of the protein conformation are protected from oxidation, making it possible to detect changes in surface accessibility. This approach has been successfully applied to large proteins structures, including Gand F-actin structures, and has identified the binding interfaces for a number of protein complexes (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) .
In the present study, actin residues involved in the binding interface and the allosteric changes in the G-actin/cofilin complex are identified by radiolytic protein footprinting coupled to mass spectrometry. Site-specific fluorescence experiments were conducted to confirm the results. These data are used to provide an atomic model of G-actin/cofilin complex by using comparative modeling and docking. The constructed model is used to understand the key hydrophobic and hydrophilic interactions in the actin/cofilin interface. These results illustrate the emerging power of structural mass spectrometry approaches in solution-based protein structural determination.
Results
Radiolytic Protein Footprinting Identifies Conformational Reorganization in Actin/Cofilin Complex. Protein samples were exposed to a white synchrotron x-ray beam for intervals from 0 to 200 ms. On these time scales, oxidative modifications dominate the chemistry compared with cross-linking events and cleavage (29) , and effects on the global protein structure are minimal. Exposed samples were subjected to proteolysis followed by quantification of the peptides by electrospray ion source-mass spectrometry coupled to liquid chromatography. The oxidized probe sites within each peptide were confirmed by tandem mass spectrometry (20, 23) . First-order rate constants of modification derived from dose-response curves (20, 23) for 20 peptides from trypsin and Glu-C digestion that cover 75% of actin sequence are listed in Table 1 . These rate values are in accordance with the number, type (specific reactivity), and solvent exposure of the reactive amino acids in the respective peptides (20, (23) (24) (25) (26) . Fig. 2 depicts the various oxidized peptides and their reactive probes. Nine peptides showed substantial protection upon cofilin binding (Ն4.0-fold; Fig. 2, red) ; five are located in subdomain 1, two in subdomain 2, and two in subdomain 4. Peptides that experience the level of protection seen for those located in subdomain 1 (20, (22) (23) (24) 26) , particularly if they are clustered, provide strong candidates for identifying an interface. The seven peptides that are moderately protected (between 1.2-and 4.0-fold; Fig. 2 , yellow) are distributed throughout the actin structure. The four peptides that exhibit no protection (between 0.8-and 1.2-fold; Fig.  2 , cyan) are from subdomains 1 and 3. The tryptic peptide 119-147 showing no change in reactivity contains the probe Tyr-143 in addition to three other probes common with Glu-C-digested peptide 118-125, which is 4-fold protected. This observation indicated that Tyr-143 exhibits increased modification (essentially a negative protection; Fig. 2 , blue) and hence increased solvent exposure upon complex formation. Thus, all of the actin peptides that are observed to show no change or increased modification are located in subdomains 1 and 3: three of four in subdomain 3. Taken together, these results suggest that the actin/cofilin interface consists of residues in subdomain 1 and does not contain residues from subdomain 3.
Site-Specific Fluorescence Reveals Conformational Changes upon Co-
filin Binding. The fluorescence emission maximum, em , is 480 nm for acrylodan-labeled Cys-374 of actin and its binary complexes with DNaseI, GS1, and profilin ( Fig. 3A) , indicative of unaffected solvent exposure of the label with binding of these ABPs. However, the emission maximum is blue-shifted (468 nm) for actin/cofilin complex ( Fig. 3A) , indicating that the label is protected from solvent, which could result from either cofilin binding to this region or an allosteric conformational change associated with cofilin binding to a distant site. For the ternary complex of actin/cofilin/ DNaseI (30), the spectrum showed a similar em as that of the binary actin/cofilin complex (468 nm; Fig. 3A ) and is indicative of cofilin binding to the same site in both binary and ternary complexes, as the solvent exposure of the label is not affected by DNaseI. These data suggest that the mode of cofilin binding is distinct from that of profilin or GS1 or DNaseI ( Ϫ3 s Ϫ1 , 2.9-fold) or by latrunculin (11.6 ϫ 10 Ϫ3 s Ϫ1 , 1.4-fold), which binds to the vicinity of this region (31) , and no protection by GS1 or profilin, which bind to actin at sites distant from subdomain 4 (0.9-to 1.0-fold). In contrast, cofilin, which also binds to site(s) distant from subdomain 4, afforded significant protection to Cys-203 (8.6 ϫ 10 Ϫ3 s Ϫ1 , 1.8-fold). A blue-shifted em of actin with binding of cofilin (506 nm), DNaseI (504 nm), or latrunculin (497 nm) and nearly unchanged em with binding of GS1 or proflin (513-514 nm; Fig. 3C ) further confirms these results. These results are consistent with footprinting and show a prominent allosteric effect of cofilin on elements of subdomain 4 in actin.
Constructing the 3D Model of G-Actin/Cofilin. A model of G-actin in the putative closed cofilin-bound form was constructed with comparative modeling using SWISS-MODEL (32). Because our previous footprinting data (9) detected no conformational changes for cofilin with actin binding, we carried out rigid body docking of cofilin (Protein Data Bank ID code 1COF) (33) to the modeled G-actin structure by using the DOT program provided by ClusPro (see Methods) (34) . The top-scored structure after energy filtering and clustering, without the use of experimental data (Fig. 4A) , had neither the cofilin at the binding site identified by footprinting nor the cofilin's actin binding segments (G/F-site; Fig. 1 A) at the interface. Next, we incorporated ''attract'' constraint (see Methods) in the docking step by using a few interfacial residues of G-actin from the footprinting data that are solvent-exposed and/or located at the surface including Trp-79, His-87, His-88, Tyr-91, Tyr-362, Pro-367, and His-371. The first ranked model obtained is shown in Fig. 4B and is consistent with the present footprinting data of the actin interfacial residues (see Discussion) and the reported (8-10) data on the cofilin interfacial residues ( Fig. 1 A and see Table 2 ). The same model was ranked second in the unsupervised docking, which suggests that this model has a high propensity for shape complementarity such as would be found in a native interface structure; the use of experimental data as attract constraints moved this model to top ranking.
Discussion
Cofilin Does Not Occupy Canonical ABP Binding Site. Structural comparisons (11, 12, 35) and competitive binding studies (12, 13) suggest cofilin binds to the cleft formed between subdomains 1 and 3 of actin as preceded by the binding of GS1 and profilin. Contrary to this observation, the footprinting data do not detect significant protections within the cleft between subdomain 1 and 3 as a function of cofilin binding. On the other hand, footprinting reveals significant protections within subdomains 1 and 2. GS1 interacts with the hinge helices (Gly-137-Ser-145 and Arg-335-Ser-348) (Fig. 1B ) located in the cleft between subdomains 1 and 3 in actin (14) . Footprinting data on the G-actin/GS1 complex (25) revealed five peptides protected, including the hinge helices. Protected peptides were found only in subdomains 1 and 3, consistent with crystallographic data (14) . Not only do we not see cofilindependent protections in the first hinge helix; its single probe residue Tyr-143 exhibits increased reactivity upon actin/cofilin complex formation, whereas the peptide 337-359 encompassing the second hinge helix showed no change in reactivity. Thus, there is no evidence for cofilin occupying the GS1 binding site.
Cofilin Occupies a Site in the Cleft Between Subdomains 1 and 2. A cluster of protections mediated by complex formation was observed in the cleft between subdomains 1 and 2 (Fig. 2) . The oxidation rate of Tyr-53 of peptide 51-61 (0.9 s Ϫ1 , solvent-accessible surface area is 14 Å 2 ), which is located in the cleft between subdomains 1 and 2, is reduced to effectively zero when cofilin binds (Table 1) , indicating complete burial for this residue. Other peptides of subdomain 1, positioned adjacent to peptide 51-61, also show significant protections including: peptide 96-113 (11-fold protection), peptide 85-95 (9-fold protection), C-terminus peptide 360-372 (5-fold protection), N-terminus peptide 1-18, peptide 118-125 (4-fold protection), and peptide 69-84 (3-fold protection). Peptides 69-84 and 85-95 encompass the helix within the cleft located just below peptide 51-61, while peptide 118-125 belongs to another helix located below the cleft helix. Peptide 96-113 is a loop with a ␤-strand that connects both helices. The N and C termini are positioned next to these peptides. We suggest that this region is the center of the cofilin binding surface. Footprinting data for the actin/GS1 complex (25) revealed no change in reactivity for these peptides as a function of complex formation (protection range of 0.9-to 1.1-fold), further confirming that cofilin does not occupy the previously presumed binding site. (Fig. 2B) , are protected as a function of complex formation. Leu-16 of peptide 1-18 and His-40, Met-44, and Met-47 of the D-loop, all of which show significant protections upon cofilin binding, are located near the nucleotide cleft. These protections at the nucleotide cleft cannot be accommodated by cofilin binding as then the ternary complex of actin, cofilin, and DNaseI cannot be formed because of steric overlap (Fig. 1B) . However, this constellation of protections observed at the nucleotide cleft region has been previously observed in footprinting experiments that compared the conformation of Ca-ATP-G-actin and Mg-ATP-G-actin (25) . The footprinting data of Ca-ATP-G-actin form was entirely consistent with crystallographic data (31) showing a partially closed nucleotide cleft, whereas the footprinting data for Mg-ATP-Gactin indicated a more closed nucleotide cleft. Based on these data, we proposed a structural model with a highly closed cleft for Mg-ATP-G-actin (21) . Our data indicate that cofilin induces a similar closure of the nucleotide cleft; overall, this result suggests a general mode of actin dynamic conformational change. (12, 13) . The observation that cofilin induces an allosteric structural change centered at the hinge that closes the large cleft (between subdomains 2 and 4) and opens the small cleft (between subdomains 1 and 3), clearly explains the competition data. Our previous footprinting data (25) indicated no conformational rearrangements of actin structure induced by GS1 binding. Further, profilin binding to G-actin is known to be accompanied by opening of the large cleft. Therefore, when GS1 or profilin is bound the domain motion toward cleft closure is blocked and cofilin's binding is inhibited.
3D Model of G-Actin/Cofilin Complex: Consistency with Footprinting
Data. The 3D model of the Ca-ATP-G-actin/cofilin complex, as constrained by footprinting data (Fig. 4 B and C) , provides a valid framework for understanding the functional interactions of cofilin and actin. Residues from the footprinting probe set seen in Table 1 , 60 -71% burial), and Tyr-362 (13/10 to 7 Å 2 , 30 -46% burial). Deeply buried probe residues (Ͻ10 Å 2 ) from this region are Met-119 (0.5 to 0 Å 2 ), Met-123 (0 Å 2 ), and Phe-124 (4/0 to 0 Å 2 ). These residues are likely to exhibit dynamic behavior in free actin, resulting in occasional oxidation events, but are fully inaccessible in the complex. Fig. 1 A) (8) (9) (10) are seen clearly making specific contacts with actin in the model (Fig. 4B ) and are detailed in Table  2 . The actin binding motif in cofilin, namely the long ␣3 helix, interacts with the lower segment of D-loop (residues 48-52), cleft helix (residues 79-92), residues 124-128 of the lower cleft helix, and residues 359-363 of the C terminus. The ␤6-␣4 loop of cofilin closely interacts with residues 93-100, the loop after the cleft helix in actin. Although residues 1-5 of N terminus of cofilin are missing in the crystal structure of cofilin and in the model, the location and the directionality of this region of the N terminus is close to the actin C terminus and is consistent with the involvement of segment 1-5 in binding.
It is reported that cofilin binds to actin in a pH-dependent manner (37) . Both actin and cofilin are acidic overall (pI Ϸ5.1). Although actin's cofilin-binding surface contains a substantial number of acidic residues (26 in number as opposed to 8 basic residues), the ␣3 helix of cofilin contains five basic residues (Arg-96, Lys-98, Lys-105, Arg-109, and Arg-110) as opposed to one acidic residue (Asp-106), suggesting the potential for favorable ionic interactions upon binding. We have identified several pairs of residues in the actin/cofilin interface that meet the criteria for hydrogen bonding or salt bridging (Fig. 4B and Table 2 ) (38) . The most important is the possible hydrogen bonding between His-87 in the cleft helix of actin and Ser-89 in the ␣3 helix of cofilin; this interaction may play a critical role in the charge dependence of cofilin binding. Hydrogen bonding is also likely between Arg-95 from actin's cleft helix and Ser-125, located in the loop between ␤6 and ␣4 of cofilin. In addition, Lys-359 from the C terminus of actin may form a hydrogen bonding/salt bridge with Asp-106 of cofilin's ␣3 helix. These two residues can have other intrachain salt bridges (thus forming an extended salt-bridge network); Lys-359 may interact with Asp-363 within actin, whereas Asp-106 may salt-bridge with Lys-105 within cofilin. The two acidic residues of cofilin Asp-123 and Glu-126 predicted to be involved in the G-actin binding (8) are located opposite to two polar side chains in the cleft helix of actin (Tyr-90, Arg-95). A hydrogen bonding between Asp-123 with Arg-95 seems favorable.
Apart from these proposed ionic interactions contributing to complex formation, hydrophobic interactions that drive out water typically contribute to increasing the value of ion-pair formation (39) . The actin-binding surface in cofilin contains a wealth of hydrophobic residues. In the long ␣3 helix, these include Val-95, Met-99, Val-100, Ala-102, Ala-107, Leu-108, Ala-111, and Leu-112, which may be interacting with the hydrophobic residues in actin. Although the two cleft helices are lined mostly with hydrophilic residues, the N termini (peptide 1-18), the C termini (peptide 360-372), and peptide 96-113 connecting the two helices in the cleft are lined with many hydrophobic residues.
The cofilin interface regions are distinct for actin monomer (G/F-site) and filament (F-site) as established by various studies (Fig. 1 A) . Consistently, our model has G-actin located at the G/F-site of cofilin. Image reconstructions of cryo-EM data (40) predict cofilin binding between two actin monomers located at the surface of the actin filament. On the other hand, biochemical experiments suggest cofilin to be intercalated between two actin monomers (41) . Our model (Fig. 4 B and C) establishes that the case for monomer binding is different from either of these two models.
Conclusion
Although high-resolution structures for both monomeric actin and cofilin are described individually in the literature, the structure of the actin/cofilin complex is unknown. We have used hydroxyl radical-mediated oxidative protein footprinting to identify the G-actin residues that contribute to the cofilin binding surface and to probe the conformational changes induced by cofilin binding. We have demonstrated how these data can be used in conjunction with state-of-the art comparative modeling and docking algorithms to provide an atomic model of the actin/cofilin complex. This method provides a general approach to determining the structure of protein binary complexes. Several conclusions from this model are described. First, the cofilin binding site is conclusively seen to be distinct from that of GS1 and profilin and involves a tight binding to the cleft between subdomains 1 and 2. Second, actin binding segments of cofilin are consistent to the previous data from mutation, footprinting, and NMR studies. Third, the proposed actin/cofilin interface has a number of potential hydrogen bonding and salt links; the proposed His-87-Ser-89 interaction may mediate the charge dependence of cofilin binding. Fourth, cofilin-induced changes in actin monomers are consistent with closure of the nucleotide cleft, and thus the inhibition of nucleotide exchange in the actin/cofilin binary complex in the cell. These results provide a structural basis for interpreting cofilin structural and functional data.
Methods
Sample Preparation. Rabbit skeletal muscle actin and yeast mutant actin (T203C/C374A) were prepared in the form of Ca-ATP-Gactin as described (see SI Text) (25, 42) . Yeast cofilin, GS1, and human platelet profilin were generous gifts from Steven C. Almo (Albert Einstein College of Medicine, Bronx, NY). Bovine pancreatic DNaseI was obtained from Worthington Biochemical Corporation (Lakewood, NJ). Methionine amide (Met-NH 2 ) was purchased from Bachem Bioscience Inc. (King of Prussia, PA); proteolytic enzymes (trypsin, Asp-N, Glu-C) were from Promega (Madison, WI) and Roche (Indianapolis, IN); acrylodan (6-acryloyl-2-(dimethylamino) naphthalene) was from Molecular Probes (Eugene, OR), and Latrunculin A was from Calbiochem (San Diego, CA).
Synchrotron X-Ray Radiolysis and Mass Spectrometry. Radiolysis experiments of rabbit G-actin and G-actin/cofilin complex at 10 M concentration were performed at the X-28C beam line of the National Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY, as described (9, 25) . Met-NH 2 (10 mM) was added right after exposure to quench secondary oxidation (20) , and samples were frozen immediately thereafter. Radiolyzed samples were subjected to enzymatic proteolysis (9, 25) , and the resulting peptide mixtures were separated and analyzed by using a coupled, HPLC-electrospray ion source mass spectrometer equipped with quadrupole ion trap (LCQ classic; LCQ DECAXP plus; Finnigan, Breman, Germany) (see SI Text). The detailed analytic procedures have been described (20, 23) .
Solvent-Accessible Surface Area Calculation. The solvent-accessible surface areas of amino acids were calculated by using the computer program GETAREA 1.1 (www.pauli.utmb.edu/cgibin/getaform.tcl) from the crystal structures with a probe radius of 1.4 Å with additional atomic parameter database and residue-type library entries.
Fluorescence Spectroscopy. Labeling rabbit muscle G-actin and the mutant yeast G-actin with acrylodan was carried out by incubating 1.1-to 1.2-fold excess of acrylodan over actin for a specific period followed by removal of the excess reagent (see SI Text) (43) . Actin/actin binding factor complexes were prepared by mixing 1 M labeled muscle actin or 5 M labeled yeast actin with 10 M actin-binding factors. Fluorescence measurements were carried out in a Flurolog-3 spectrofluorometer (Spex, Edison, NJ), Fluoromax-3 spectrofluorometer (Spex), or a spectrofluorometer from PTI (Lawrenceville, NJ). An excitation wavelength, ex ϭ 360 nm, was used to excite acrylodan in the rabbit actin, whereas ex ϭ 375 nm was used for yeast mutant actin. The time course of the acrylodan labeling of Cys-203 yeast actin mutant was monitored via fluorescence changes at 510 nm, at 20°C. A 10-fold molar excess of yeast actin (5 M) over acrylodan (0.5 M) was used, and the concentration of the dimethylformamide (acrylodan's solvent) in the samples did not exceed 1%. Cys-203 modification followed a first-order process, and the rates of labeling were obtained from the slopes of the plots of ln(F max Ϫ F) versus time (Fig. 3B Inset) , where F max is the maximum fluorescence at the plateau of the modification and F is the observed fluorescence at a given time.
Modeling of G-Actin/Cofilin Binary Complex. Actin in the ''closed nucleotide cleft'' conformation was obtained by homology modeling by using the SWISS-MODEL protein modeling server (http:// swissmodel.expasy.org) (32) , inputting the rabbit actin sequence as ''target'' and the 3D structure of bovine actin (2BTF chain A, 2.55-Å resolution) as ''template.'' Docking of cofilin to G-actin, energy filtering, clustering, and ranking were done by using the ClusPro Web server (http://nrc.bu.edu/cluster) (see SI Text) (34) . The output of the docking program, DOT, is 25,000 structures with the best shape complementarity scores. These structures are then energy filtered (electrostatics or desolvation) to retain the top 2,000 structures, which are then clustered (9-Å clustering radius) and ranked according to their cluster sizes. Footprinting constraints were set up within the docking to provide positive weighting to the experimentally derived interfacial residues of G-actin (refer to ref. 34 for details).
